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Abstract 1 
A major cause of ultrafiltration (UF) membrane fouling is the accumulation of 2 
microorganisms and their associated soluble products. To mitigate fouling the 3 
application of pulsed short-wavelength ultraviolet (UVC) light (around 254 nm) within 4 
the membrane tank together with pre-coagulation was investigated. In mini-pilot-scale 5 
tests carried out in parallel with conventional pre-treatment (CUF), the impact of pulsed 6 
UV (CUF-UV) at different UV irradiances and fluxes on the increase of trans-7 
membrane pressure (TMP) was evaluated and explained in terms of the quantity and 8 
nature of membrane deposits in the membrane cake layer and pores.  9 
The results indicated that at a flux of 20 L.m-2.h-1, the pulsed UV (1 min within 31 10 
min cycle) at 3.17×10-2 W/cm2 prevented any measureable increase in TMP over a 11 
period of 32 days, while there was a fourfold increase in TMP for the conventional pre-12 
treatment. For the CUF-UV system the concentration of bacteria and soluble microbial 13 
products was much less than the conventional CUF system, and the cake layer was 14 
thinner and contained less biopolymers (proteins and polysaccharides). In addition, the 15 
pores of the CUF-UV membrane appeared to have less organic deposits, and 16 
particularly fractions with a high molecular weight (>10 kDa). 17 
At a lower UV irradiance (1.08×10-2 W/cm2), or higher flux (40 L.m-2.h-1) with the 18 
same UV irradiance, there was a measurable increase in TMP, indicating some fouling 19 
of the CUF-UV membrane, but the rate of TMP development was significantly lower 20 
(~50%) than the conventional CUF membrane system. Overall, the results show the 21 
potential advantages of applying intermittent (pulsed) UVC irradiation with 22 
coagulation to control UF membrane fouling. 23 
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1 Introduction 29 
Membrane separation is a rapidly developing treatment technology for the supply 30 
of drinking water, but the blockage/reduction of membrane pores, ‘fouling’, caused by 31 
particles, organic matter and microorganisms, remains a limitation to its wider 32 
application (Lin et al., 2000; Her et al., 2003; Laabs et al., 2006; Huang et al., 2007). 33 
Large molecular weight (MW) organic matter such as proteins and polysaccharides can 34 
induce significant membrane fouling (Herzberg et al., 2009; Chen et al., 2014). Such 35 
hydrophilic biopolymers are found typically in surface waters used for drinking water 36 
supply, and a clear correlation between the concentrations of biopolymers and 37 
membrane fouling was observed for surface waters in Japan (Kimura et al., 2015).  38 
Some pre-treatment methods, such as chemical coagulation before membrane 39 
filtration, are effective and relatively low cost approaches for improving general water 40 
quality and controlling membrane fouling (Peiris et al., 2013; Kimura et al., 2014; Wray 41 
et al., 2014). This is partly because coagulation substantially reduces the 42 
compressibility of the cake/gel layer (Tabatabai et al., 2014).  43 
As the coagulation process can only remove a proportion of the biopolymers 44 
present in raw waters, the remainder can accumulate on the membrane together with 45 
those produced by microorganisms in the cake layer. Therefore, an additional treatment 46 
method before membrane separation is required to more effectively control the 47 
membrane fouling. Previously, coagulation and magnetic ion exchange (MIEX) can 48 
eliminate the high molecular weight (MW) organic compounds (MW > 20kDa) 49 
attributed to biopolymers (proteins and polysaccharides) that cannot be removed using 50 
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anion exchange resins alone (Humbert et al., 2007). The use of the MIEX process prior 51 
to ultrafiltration, was found to increase the permeate quality, especially for high 52 
molecular weight cut-off (MWCO) membranes (Kabsch-Korbutowicz et al., 2008). The 53 
combination of coagulation and oxidation as pre-treatment has been widely studied. 54 
Recently, various authors showed the potential benefits of applying ozone immediately 55 
prior to ultrafiltration (Schlichter et al., 2004; Zhang et al., 2013; Yu et al., 2016). 56 
However, the presence of ozone in the membrane tank may gradually cause 57 
deterioration of the UF membrane, even resilient PVDF membrane and low ozone doses.  58 
The application of UV irradiation as a pre-treatment for membrane separation is 59 
advantageous in view of its well-established capability to mitigate micro-biological 60 
activity, and thereby reduce bio-fouling. UV-C (200-280nm) is effective for bacteria 61 
and protozoa spore inactivation and the inactivation may not be affected significantly 62 
by the presence of particulates (Li et al., 2009). Recent studies have shown that UV 63 
disinfection is effective for inactivating not only total heterotrophic bacteria, but all 64 
antibiotic resistant bacteria (Guo et al., 2013), and the inactivation of micro-organisms 65 
can be described by first-order kinetics using fluence-inactivation data from laboratory 66 
studies in collimated beam tests (Hijnen et al., 2006). In a study of membrane bioreactor 67 
(MBR) technology, UV disinfection after MBR treatment provided little additional log 68 
removal of any organism except for somatic coliphage, whereas UV or chlorine 69 
disinfection after conventional secondary treatment provided significant log removal of 70 
all bacterial indicators and somatic and F-specific coliphage (Francy et al., 2012). As a 71 
membrane pre-treatment, UV irradiation was found to prevent membrane fouling by 72 
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controlling the microorganism concentration in the feed, and the resulting, continuous 73 
running time of the micro-filter membrane was 6 times longer than without UV 74 
irradiation (Otaki et al., 1998). Similarly, UV irradiation was reported to be an efficient 75 
pre-treatment to reduce nano-filter membrane biofouling (Marconnet et al., 2011). 76 
Pulsed-UV technology has been proposed recently as a rapid, effective method for 77 
the disinfection of water and wastewater (Garvey et al., 2014), with a low energy 78 
requirement. Initial results from this study indicated that the presence of 10 ppm organic 79 
matter did not affect the pulsed-UV inactivation of Bacillus endospores at doses 80 
exceeding 4.32 μJ/cm2, whereas the presence of organic matter had a significant adverse 81 
effect on the inactivation of vegetative cells using standard low-pressure UV at doses > 82 
30 mJ/cm2 (Garvey et al., 2014). In view of the potential advantages of this novel form 83 
of UV technology (viz. effective microbial inactivation and low energy), we have 84 
evaluated the use of pulsed-UVC light, applied within an ultrafiltration membrane 85 
module, together with coagulation, as a method to control membrane fouling. In this 86 
paper we summarize the results of extended-period mini-pilot-scale tests, undertaken 87 
under different conditions of UV irradiance and membrane flux, which show a major 88 
improvement in membrane performance. The underlying reasons/mechanisms for the 89 
improved performance are discussed in detail.  90 
 91 
2 Materials and methods 92 
2.1 Model raw water and coagulant 93 
A model water was employed in the tests in order to simulate a micro-polluted 94 
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surface water and to provide sample consistency and reproducibility throughout the 95 
period of membrane operation (~60 days). This was prepared by adding a small quantity 96 
of domestic sewage effluent to the local (London, United Kingdom) tap water in a 97 
volumetric ratio of 1:50, and 5 mg/L Suwannee River Humic Acid (2S101H, 98 
International Humic Acid Substance Society, USA). The addition of domestic sewage 99 
effluent and humic acid provided organic matter and microorganisms which are 100 
expected to be representative of those found in surface waters. Prior to mixing with 101 
domestic sewage effluent and humic acid solution, the tap water was left over night to 102 
ensure the complete decay of residual chlorine. The characteristics of the model raw 103 
water are presented in Table 1. The temperature of the water was maintained constant 104 
at 20±2 oC during the experimental period. 105 
 106 
Table 1 - Water quality of raw water and UF systemsa 107 
Parameter Raw water 
CUF 
tank 
CUF-UV 
tank 
CUF  
filtrate  
CUF-UV 
filtrate 
UV254(cm
-1) 0.103±0.015 0.037±0.003 0.036±0.003 0.035±0.002 0.033±0.002 
DOC(mg/L) 3.52±0.28 2.73±0.11 2.55±0.14 2.40±0.12 2.32±0.11 
Turbidity(NTU) 3.13±0.56 4.07±0.75 5.23±1.13 0.05±0.02 0.07±0.02 
NH4
+-N (mg/L) 0.42±0.09 0.12±0.03 0.12±0.03 0.10±0.02 0.11±0.02 
NO3
--N (mg/L) 5.67±0.49 6.07±0.38 6.04±0.26 6.08±0.23 6.05±0.18 
pH 7.97±0.08 7.67±0.05 7.53±0.05 7.67±0.03 7.47±0.04 
a the values are averages for all the measurements carried out during 7 days in the first 108 
phase 109 
 110 
2.2 The treatment processes of ultrafiltration systems 111 
A schematic of the experimental set-up involving the coagulation-UF processes 112 
without, and with, the addition of a submersible UVC lamp in the membrane tank (CUF, 113 
CUF-UV, respectively), operated in parallel, is shown in Figure S1. Model raw water 114 
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was fed into a constant-level tank to maintain the water head for the membrane tanks. 115 
An optimal coagulant dose of 0.15 mM Al2(SO4)3 (calculated as Al), corresponding to 116 
a near zero zeta potential of the resulting flocs, was continuously added into the rapid 117 
mixing units for each stream. The rapid mix speed was 200 rpm (184 s-1) in the mixing 118 
units with a hydraulic retention time (HRT) of 1 min, after which the mixing speed was 119 
reduced to 100 rpm (65 s-1), 80 rpm (46.5 s-1) and 50 rpm (23 s-1), respectively, in the 120 
three flocculation tanks in series, each having a HRT of 5 min (total flocculation time 121 
of 15 min). The flow then passed directly into the membrane tanks, and each tank 122 
contained a submerged polyvinylidene fluoride (PVDF) hollow-fiber UF membrane 123 
module (Tianjin Motimo Membrane Technology Co., Ltd, China) with a nominal 124 
membrane pore size of 0.03 μm and a surface area of 0.025 m2. UF permeate was 125 
continuously collected by a suction pump at a constant flux during each phase, operated 126 
in a cycle of 30 min filtration and 1 min backwash (40 L.m-2.h-1). For each backwashing, 127 
air was supplied at 100 L/h (air: water = 200:1) to each tank in a position underneath 128 
the membrane units (Figure S1), while making sure that the sludge at the bottom of the 129 
tanks was retained and not disturbed. The HRT of the membrane tanks was maintained 130 
at 0.5 h and accumulated sludge was released every 2 days. The trans-membrane 131 
pressure (TMP) was continuously monitored by pressure gauges. Each membrane unit 132 
was taken out from the membrane tank and washed by sponge at day 33 and 46 133 
For the CUF-UV tank, the UVC lamp with a quartz sleeve was suspended at the 134 
bottom of the membrane module. Two lamps were used at different times in the 135 
experiments (details below), with a nominal power rating of 10 W and 5 W (Jeneca, 136 
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China), and their respective energy intensities (irradiances) were determined by 137 
radiometry as 3.17×10-2 W/cm2 and 1.08×10-2 W/cm2 at 5 mm distance from the light 138 
source. During the period of experimentation each lamp was operated on a cycle of 1 139 
min on and 30 min off, corresponding to the lamp being on during the membrane 140 
backwashing; this ensured that the water in the membrane tank was actively mixed 141 
while being irradiated by UVC light during the backwash process.  142 
 The experiments were carried out in 3 phases in which the flux and UV irradiance 143 
were varied, as follows: phase 1 (day 1~32), 10 W lamp and flux = 20 L/(m2 h); phase 144 
2 (day 32~46), 10 W lamp and flux = 40 L/(m2 h); phase 3 (day 46~62), 5 W lamp and 145 
flux = 20 L/(m2 h)).. 146 
 147 
2.3 Extraction and measurements of EPS from cake layer and sludge 148 
After each phase of the membrane filtration experiments was finished, the fouled 149 
membrane modules were taken out from the membrane tanks. The foulant materials on 150 
the membrane surface (cake layer) were carefully scraped off with a plastic sheet, and 151 
analyzed by the following methods to characterize their composition; the extraction of 152 
internal fouling material is described later. 153 
A heating and extraction method was used to extract the extracellular polymeric 154 
substances (EPS; biopolymers) from the settled sludge and cake layers (Morgan et al., 155 
1990; Yu et al., 2015), and to make sure that the EPS was not released from bacterial 156 
cells. The method is described briefly as follows. The sludge suspension and cake layers 157 
were first dewatered by centrifugation (Model 5417C, Eppendorf, Germany) in a 50-158 
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mL tube at 3000 g for 5 min. The sludge pellet in the tube was re-suspended in 20 mL 159 
phosphate buffer saline (PBS) solution, sheared by a vortex mixer (Vortex- Genie® 2, 160 
Mo Bio laboratories, Inc., USA) for 15 min, ultrasonically treated (Nusonics, USA) for 161 
3 min, and heated to 80 oC in a water bath for 30 min. The mixture was centrifuged at 162 
10000 g for 15 min. The supernatant solution was collected for EPS analysis. 163 
After the membrane surface was wiped with high pressure tap water and a sponge, 164 
0.01 mol/L NaOH was used for the extraction of internal foulants and the fibers were 165 
soaked for 24 h at 20 oC in the NaOH solution according to the method used and 166 
described by many researchers (Kimura et al., 2009; Liu et al., 2011). The extracted 167 
organic matter was then subjected to the following chemical analyses. The absolute 168 
polysaccharide content in the bound EPS was measured by the phenol–sulfuric acid 169 
method with glucose as the standard (Dubois et al., 1956). A modification of the 170 
Bradford method (Peterson, 1977) known as the Coomassie procedure (Pierce 171 
Chemical) was used to quantify the absolute concentration of proteins, with bovine 172 
serum albumin (Sigma) as the standard.  173 
 174 
2.4 Characteristics of organic matter 175 
EPS extracted from the cake layers and sludges, and organic matter in the waters 176 
from the two membrane systems, were analyzed by SEC based on a unit mass of 177 
material after drying, using UV254 absorbance (Myat et al., 2014) to determine their 178 
apparent molecular weight (MW) distribution of UV-active substances. The method is 179 
described in our previous paper (Yu et al., 2016) and employed a HPLC system (Perkin 180 
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Elmer, USA), with a Series 200 pump, a BIOSEP-SEC-S3000 column (Phenomenex, 181 
UK) (7.8 mm×300 mm), and a Security Guard column fixed with a GFC-3000 disc 4 182 
mm (ID).  183 
Resins of Superlite DAX-8 (Supelco, USA) and Amberlite XAD-4 (Rohm and 184 
Hass, Germany) were used to analyze the hydrophilic and hydrophobic organic 185 
components by fractionating NOM into three groups: strongly hydrophobic organic 186 
matter (adsorbed by DAX-8), weakly hydrophobic (or transphilic) organic matter 187 
(adsorbed by XAD-4) and hydrophilic organic matter (passing through both resins) 188 
(Aiken et al., 1992; Yu et al., 2016).  189 
 190 
2.5 Other analytical methods 191 
Fouled membrane fibers were cut from the two membrane modules, and care was 192 
taken to retain the foulant layer attached on the membrane surface. The fouled 193 
membrane samples were then platinum-coated by a sputter and observed under high 194 
resolution field emission gun scanning electron microscope (FEGSEM, LEO Gemini 195 
1525, Germany). Also, the new and fouled membrane samples were analyzed by 196 
Fourier Transform infrared spectroscopy (FTIR, Spectrum 400, PerkinElmer, USA) 197 
with Quest ATR Accessory (SPECAC Ltd, UK). 198 
The UV absorbance at 254 nm, UV254, of 0.45 μm filtered solutions was determined 199 
by an ultraviolet/visible spectrophotometer (U-3010, Hitachi High Technologies Co., 200 
Japan). Dissolved organic carbon (DOC) was determined using a total organic carbon 201 
(TOC) analyzer (TOC-VCPH, Shimadzu, Japan). Turbidity measurements were made 202 
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using a commercial turbidimeter (Hach 2100, USA), and the concentrations of NH4
+-N 203 
and NO3
--N were determined by the colorimetric method using a spectrometer (APHA, 204 
2005); suspended solids (SS) concentrations were also quantified by APHA (2005). 205 
The concentration of bacteria was determined as the Heterotrophic Plate Count (HPC) 206 
by the yeast extract agar method (ISO6222, 1999). 207 
The DNA in the cake layer and sludge were extracted following the procedures 208 
given by the extraction kit employed in this work (Fast DNA@ Spin kit for soil, Lot 209 
19744, MP, USA), and which is described elsewhere (Zhang and Fang, 2000). The 210 
DNA contents were measured by UV absorption at 260 nm (NanoDrop 2000 211 
spectrophotometer, Thermo Scientific, USA). The method used for soluble microbial 212 
products (SMP) can be found in the review by previous researchers (Kunacheva and 213 
Stuckey, 2014). 214 
 215 
3 Results and Discussion 216 
3.1 Variation of TMP  217 
The coagulation-UF processes without, and with, the addition of UVC light in the 218 
membrane tank (CUF and CUF-UV) were operated over 60 days in three phases. The 219 
development of membrane fouling, as indicated by changes in the TMP, for the 220 
different systems is shown in Figure 1. For the first phase of operation (up to 31 days), 221 
the TMP of the CUF membrane unit gradually increased to 8.3 kPa, while the CUF-UV 222 
system displayed no significant TMP increase. The results indicated that under these 223 
conditions UV irradiation prevented the development of membrane fouling that was 224 
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observed with coagulation pre-treatment alone (CUF), as a consequence of reduced 225 
bacterial presence and breakage of residual large MW organic matter. After physical 226 
cleaning of the membranes (by high pressure tap water and sponge wash) at day 32, the 227 
TMP of the cleaned CUF membrane was much greater (~4.2 kPa) than that of the new 228 
membrane (~2 kPa). The lack of any detectible increase of TMP for the CUF-UV 229 
membrane showed the absence of any internal and external membrane fouling for the 230 
CUF-UV membrane during the first stage of operation and the effectiveness of the 231 
combined coagulation-UV pre-treatment.  232 
During the second phase of testing, the membrane flux was increased to 40 233 
L/(m2.h), but with the same UVC irradiance. The TMP increased quickly in both 234 
systems as a consequence of doubling of the flux. The increase rate of TMP in the CUF 235 
system (~ 0.48 kPa/day) was much greater than for the first phase (~ 0.19 kPa/day), 236 
confirming the general observation that higher membrane flux increases membrane 237 
fouling (Bacchin et al., 2006). For the CUF-UV system the greater membrane flux led 238 
to a significant increase in the temporal TMP development (~ 0.23 kPa/day) in marked 239 
contrast to the lack of any measurable increase during the first phase (~ 0 kPa/day). 240 
After the initial, proportional rise in TMP owing to the change in flux through the clean 241 
membrane (~4.5 kPa), the subsequent increase in TMP was more gradual, but less than 242 
the rise for the CUF membrane; for the period between days 34 and 45 the rise in TMP 243 
was approximately 3 kPa for the CUF-UV and 6 kPa for the CUF membranes. After 244 
physical cleaning of the membranes at day 46, the TMP of the cleaned CUF membrane 245 
was slightly higher (~4.9 kPa) than that after the first wash (~4.2 kPa), suggesting some 246 
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increase in deposits within the membrane pores. In contrast, the initial TMP for the 247 
CUF-UV membrane at the beginning of phase 3 was not measurably different to that at 248 
the beginning of phase 1 for the new membrane (2 kPa). 249 
For the third phase (days 46 to 63), the membrane flux was decreased back to 20 250 
L/(m2.h), but the UV irradiance was reduced by replacing the 10 W lamp with the 5 W 251 
lamp. For the CUF membrane the rate of change of TMP was the same as in phase 1, 252 
as expected, while the TMP in the CUF-UV system was observed to steadily increase, 253 
unlike in phase 1 at the higher irradiation level, although at a rate approximately half 254 
that of the CUF membrane. The results of the three phases clearly demonstrate the 255 
importance of the UV irradiance and flux on the development of membrane fouling. In 256 
the following sections, the influence of the UV irradiation on particle variation and 257 
microbial activity, and thus the external and internal membrane fouling, was further 258 
investigated. 259 
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Figure 1 Influence of UVC irradiance and membrane flux on the variation of TMP in 261 
the two membrane systems during the three phases of operation (experimental 262 
conditions for each phase shown in the figure) 263 
 264 
3.2 SS, bacteria and SMP concentration in the membrane tanks 265 
The formation process of cake layers on the surface of the membrane requires 266 
particles and their adhesive (like bricks and cement for a house), and here these can be 267 
represented by suspended solids (SS) and soluble microbial products (SMP) 268 
concentrations, respectively. The cake layer on the membrane surface is gradually 269 
formed by the accumulation of suspensions/particles (SS) present in the influent flow 270 
(i.e. flocculated water) of the membrane tanks.  271 
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Figure 2 Average concentrations (sampled at the middle of cycle) of suspended solids 274 
(a) and bacteria (b) in the membrane tanks, with and without UVC irradiation for the 275 
three different phases 276 
 277 
As shown in Figure 2a, the SS concentrations were significantly greater within the 278 
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two membrane tanks than the raw water. These were assumed to accumulate during the 279 
flow residence time in the membrane tanks and from the membrane backwashing. 280 
However, the SS concentration in the CUF-UV tank was greater than that in the CUF 281 
tank, particularly in phase 1, even though the bacteria concentrations were lower 282 
(Figure 2b). The SS values represent the combination of poorly settling coagulant flocs 283 
and micro-organisms (mainly bacteria), and membrane cake material released during 284 
backwashing. The biopolymers released by the bacteria, represented by the EPS/SMP 285 
concentration, may be beneficial in the formation of settleable coagulant flocs and in 286 
the adhesive strength of the cake layer. Therefore, during phase 1 when the bacteria 287 
concentration in the CUF-UV tank was suppressed by the UV irradiation, it is 288 
speculated that the absence of sufficient biopolymers (Figure 3b) to enhance settleable 289 
floc formation and cake adhesion, led to the greater SS concentration observed 290 
compared to the CUF tank. A similar behavior was evident in phases 2 and 3 where 291 
lower bacterial levels resulting from the UV irradiation in the CUF-UV system 292 
corresponded to higher SS concentrations (cf. CUF). The greater SS concentration for 293 
both membrane systems in phase 2 can be explained by the reduced flow residence time 294 
arising from the greater flux, hence less opportunity for floc sedimentation, and greater 295 
cake layer solids released from backwashing. In phases 2 and 3, the bacteria 296 
concentrations were lower for the CUF-UV system than the CUF, indicating the effect 297 
of UVC light, particularly in phase 3; the greater bacteria numbers in phase 3 compared 298 
to phase 1 for the CUF-UV membrane is consistent with the reduced UV irradiation in 299 
the former, while the greater bacteria numbers in phase 2 may reflect the reduced flow 300 
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residence time (UV exposure) compared to phase 1. Therefore, it can be seen that the 301 
overall presence of bacteria within the CUF-UV membrane system is determined by 302 
the combined effects of flow residence time (bacterial growth and separation by settling) 303 
and UV inactivation. 304 
The variation of turbidity within the membrane tanks during the operating cycles 305 
(i.e. 30 min filtration and 1 min backwash) was explored to understand the behavior of 306 
the particles in suspension, comprising those washed away from the cake layer and 307 
new/existing particles present within the membrane tank; the results for the first phase 308 
are summarized in Figure 3. It was evident that particles gradually settled after the 309 
backwash event and it required 10 min for the particles in the CUF-UV tank to settle 310 
from the top of tank to the sample points (Figure 3a). For the CUF tank, the lower initial 311 
turbidity and gradual decrease indicated that the particles were difficult to remove from 312 
the cake layer owing, it is suggested, to their greater cohesiveness and adhesion to the 313 
membrane surface, partly caused by the existence of EPS/SMP materials. As the 314 
turbidity/SS concentration at the end of each operation cycle was the same for the two 315 
systems, it is clear that different quantities/numbers of particles were detached from the 316 
cake layers of the two membrane systems during backwashing. The fact that the affinity 317 
between particles in the cake layer was greater in the CUF system suggests that UV 318 
probably reduces the bonding capacity of suspensions (particles) in the membrane tank 319 
to the membrane surface (cake layer and/or membrane fiber) through the EPS produced 320 
by the bacteria. Comparing the results of SMP concentrations determined in the 321 
membrane tanks, it was found that both protein and polysaccharide concentrations were 322 
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substantially higher in the CUF tank than the CUF-UV tank (Figure 3b). The relative 323 
presence of biopolymers in general from SEC analysis further confirmed that the 324 
application of UVC light led to lower SMP/biopolymer concentrations in the membrane 325 
tank (Figure 3c), thereby resulting in less particles being attached to the membrane 326 
surface. This observation that a greater EPS concentration in the CUF tank enhanced 327 
the adhesion ability of suspensions onto the membrane surface, has also been observed 328 
previously in the context of wastewater treatment (Tsuneda et al., 2003). 329 
 330 
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Figure 3 Turbidity variation (a) during one membrane filtration cycle (30 min), SMP 333 
concentration (b) and molecular weight of organic matter (c) extracted from the 334 
particles in the membrane tanks at day 20 (first phase) 335 
 336 
 337 
 338 
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3.3 Characterisation of organic matter in the membrane tanks during the first 339 
phase 340 
Organic matter within the membrane tank has the capability to accumulate in the 341 
UF membrane pores gradually during the operation cycle, inducing internal fouling. 342 
Therefore, the characteristics of the organic matter in the membrane tanks were 343 
evaluated, such as the degree of hydrophilicity and thermal decomposition profile 344 
(TGA method). 345 
The results concerning the hydrophilic properties showed that much of the strongly 346 
hydrophobic organic matter was removed by the coagulation process, and little 347 
hydrophilic matter was removed (Figure 4a). More strongly hydrophobic organic 348 
matter was removed in the CUF-UV tank, compared to the CUF tank. As hydrophobic 349 
organic matter is easier to be adsorbed onto the hydrophobic PVDF membrane pores, 350 
UVC irradiation can improve the removal of hydrophobic organic compounds and 351 
thereby mitigate inner membrane fouling. 352 
Also the organic matter (after freeze drying from water) was characterized by 353 
thermogravimetric (TG-DTA) analysis (Figure 4b). The TG-DTA analysis revealed 354 
that organic weight loss occurred principally at temperatures in the ranges of 50~250 355 
oC and higher than 700 oC. In general terms there was a greater weight loss for the raw 356 
water NOM compared to the membrane effluents, mainly in the temperature range up 357 
to 250 oC. In the lower temperature range (50~250 oC), the specific weight loss 358 
(d(Wt%)/d(Temp)) of the raw water NOM had two peaks at about 70 oC and 160 oC, 359 
while for the CUF effluent the maximum specific weight loss was at a temperature of 360 
20 
 
approximately 70 oC and 130 oC; thus the behavior of the CUF sample was similar to 361 
the raw water, but with lower weight loss (as organic matter was removed by the 362 
coagulation process). For the CUF-UV effluent, the maximum specific weight loss was 363 
near 110 oC, which indicated that less large MW organic matter was produced in the 364 
CUF-UV tank. These results further highlighted significant changes in the nature of the 365 
organic matter, resulting from lower bacterial inactivation and less EPS, as a result of 366 
the application of the pulsed UVC light during the UF pre-treatment stage. 367 
 368 
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Figure 4 Proportion of hydrophilic and hydrophobic components (a) and TGA profile 380 
(raw water and membrane effluents) (b) of organic matter from water in the membrane 381 
systems during the first phase 382 
 383 
 384 
 385 
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3.4 External fouling  386 
The cake layer that forms on the membrane surfaces comprises flocculated 387 
particles that incorporate organic matter, bacteria and EPS, and differences in the nature 388 
of the cake layer with, and without, pulsed UV were investigated. Images of the cake 389 
layer of fouled UF membranes and their cross-sections, at different phases, were 390 
obtained by SEM (Figure 5). A thick deposit layer was evident on the surface of the 391 
membranes consisting of thousands of deposited colloidal particles, formed from 392 
precipitated nanoparticles with adsorbed organic matter on their surfaces. Images of the 393 
membranes from the CUF and CUF-UV systems at day 32 (first phase) suggested a 394 
greater porosity of the cake layer for the CUF-UV membrane (Figures 5a and 5b), 395 
possibly because the connection strength between particles in the CUF-UV cake layer 396 
was lower than the CUF system because of less EPS concentration (Tsuneda et al., 397 
2003); in contrast, there was little difference in the appearance of the cake layers for 398 
the following two phases (data are not shown). 399 
The SEM images also showed that the thickness of the cake layer on the surface of 400 
the membranes was different in the two systems for the different phases. In the first 401 
phase (day 32), it can be seen clearly that the CUF cake layer was nearly three times 402 
thicker than the CUF-UV layer (Figures 5c and 5d), while for the second and third 403 
phases (e.g. Figure 5e and 5f), the thickness of the CUF cake layer was only slightly 404 
greater than the CUF-UV layer, indicating that the intensity of the UVC light (phase 3) 405 
or the irradiation contact time (phase 2) was insufficient. Thus, in phase 1 it is believed 406 
that the reduced level of EPS/biopolymer in the CUF-UV system corresponded to a 407 
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weaker cake layer that could be more easily removed by backwashing, and a lower 408 
attachment efficiency of particles onto the surface of the cake layer or membrane, 409 
thereby resulting in a reduced thickness of the cake layer in the CUF-UV system 410 
compared to the CUF system. In contrast, for the second and third phases, the reduced 411 
contact time or lower UVC intensity, respectively, corresponded to much less 412 
inactivation of bacteria, and resulting in a similar extent of cake layer formation to the 413 
CUF system. Support for these observations was provided by the results of EPS and 414 
DNA concentrations in the cake layer, as follows. 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
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 426 
 427 
 428 
 429 
 430 
Figure 5 SEM images of fouled membrane with cake layer (external membrane 431 
fouling): (a) CUF membrane and (b) CUF-UV membrane at day 32 (end of first phase); 432 
cross-section of CUF membrane (c) and CUF-UV membrane (d) at day 32 (end of first 433 
phase); cross-section of CUF membrane (e) and CUF-UV membrane (f) at day 63 (end 434 
of third phase) 435 
 436 
Comparing the EPS content extracted from the cake layers in the two systems for 437 
the first phase, the concentrations of protein and polysaccharide in the CUF system 438 
were considerately greater than those in the CUF-UV system (Figure 6a and 6b). In 439 
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contrast, for the second phase and third phase, there were minor differences (within 440 
experimental variation) in the protein and polysaccharide concentrations between the 441 
CUF and CUF-UV tanks. Similarly, the results of the DNA analysis showed that the 442 
quantity of DNA in the CUF cake layer was approximately double that in the CUF-UV 443 
cake layer during the first phase (Figure 6c), while for the second and third phases, the 444 
differences in DNA between the two systems was much less. Overall, the results for 445 
microbial DNA were consistent with the previously discussed results for bacterial 446 
numbers (Figure 2b), SMP (Figure 3b) and EPS (Figure 6a/b) in terms of the 447 
comparison between the CUF and CUF-UV systems over the three phases. 448 
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Figure 6 EPS and DNA concentration in the cake layer or sludge during the three 452 
operational phases: a) protein and b) polysaccharide in the cake layer, c) DNA 453 
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concentration in the cake layer or sludge 454 
 455 
In addition to the measurements of the EPS and DNA concentrations in the cake 456 
layers, the nature of the organic matter in the cake layers was investigated in terms of 457 
the MW distribution (as determined by SEC) to further explain the differences in 458 
membrane fouling for the three phases (Figure 7). The results show that the quantity of 459 
organic matter in the CUF system was greater than in the CUF-UV system for all three 460 
phases. As most of the organic matter had a MW smaller than 20 kDa, and the pore size 461 
of the UF membrane was approximately 100 kDa, this fraction of the organic matter 462 
would not induce membrane fouling significantly. However, the presence of higher MW 463 
fractions corresponding to biopolymers (EPS), between 50 kDa and 100 kDa, was 464 
significantly greater in the CUF system than that in the CUF-UV system during the first 465 
phase, but not so in the second and third phases. From this it is concluded that the 466 
relative absence of biopolymers in the CUF-UV system in phase 1 contributed to the 467 
low level of fouling observed, while conversely, the much greater presence of 468 
biopolymers in phases 2 and 3 for both the CUF and CUF-UV systems led to substantial 469 
external membrane fouling (TMP). 470 
 471 
 472 
 473 
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Figure 7 MW distribution of organic matter extracted from cake layer: (a) first phase 476 
(flux 20 L/m2.h and 10 W UVC light), (b) second phase (flux 40 L/m2.h and 10 W UVC 477 
light), and (c) third phase (flux 20 L/m2.h and 5 W UVC light) 478 
 479 
 480 
3.4 Internal membrane fouling 481 
Images of the membrane surfaces were taken by SEM after the cake layer was 482 
removed from the membrane surface, to investigate the extent of internal membrane 483 
fouling (Figure 8). It can be seen that few large pores were evident on the CUF 484 
membrane surface and the statistical number of pores was very small, compared to the 485 
CUF-UV membrane surface (Figures 8b and 8c), although both membranes were 486 
severely blocked. In addition to the blockage of pores, the adsorption of organic matter 487 
within the membrane was greater for the CUF membrane, as indicated by the 488 
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accumulation of small particles, and the rugged appearance (Figures 8e and 8f). These 489 
observations are consistent with the increased initial TMP evident for the CUF 490 
membrane for phases 2 and 3 (Figure 1), corresponding to internal, irreversible fouling. 491 
 492 
  493 
 494 
 495 
Figure 8 SEM images of fouled membrane without cake layer (internal membrane 496 
fouling) at day 62: (a) new membrane, (b) CUF membrane and (c) CUF-UV membrane; 497 
cross-section of membrane (d): CUF membrane (e) and CUF-UV membrane (f) in the 498 
inner membrane 499 
 500 
 501 
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Accumulated material extracted from internal membrane pores was analyzed by 502 
SEC (Figure 9). It can be seen that significantly less organic matter was retained or 503 
adsorbed in the CUF-UV membrane pores, compared to the CUF system, especially the 504 
higher MW material (>104 Da), such as biopolymers and humic-like substances. These 505 
results complement the visual evidence from the SEM images, described above, which 506 
highlight the beneficial impact of the pulsed UVC light pre-treatment on internal 507 
membrane fouling. 508 
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Figure 9 MW distribution of organic matter extracted from membrane pores of the 510 
two membrane systems (day 63) 511 
 512 
 513 
4 Conclusions 514 
This study has evaluated the performance of a novel combination of intermittent (pulsed) 515 
UVC irradiation and coagulation as a method of preventing UF membrane fouling. 516 
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Alternative operating conditions in terms of the applied UV irradiance and membrane 517 
flux have been considered, and the results have shown the following:  518 
1 UVC light with enough contact time and intensity in the membrane tank could prevent 519 
measurable membrane fouling over an operational period of 32 days. Under less 520 
favorable conditions (lower UVC intensity and higher flux), the combination of UV 521 
irradiation and coagulation was still able to mitigate membrane fouling compared to the 522 
conventional pre-treatment. 523 
2 The application of pulsed UVC substantially reduced the concentration of bacteria 524 
and EPS within the membrane tank, and this corresponded with a thinner, more porous 525 
cake layer that contained lower concentrations of bacteria and EPS compared to the 526 
membrane with conventional pretreatment. It is speculated that the cake was weaker 527 
owing to the absence of binding substances (e.g. EPS) enabling it to be more easily 528 
removed during backwashing. 529 
3 Under less favorable conditions (lower UVC intensity and higher flux), the porosity, 530 
thickness and biopolymer content of the CUF-UV cake layer became similar to the CUF 531 
layer, which was consistent with the moderate extent of fouling observed, although the 532 
rate of TMP development was less for the CUF-UV membrane system. 533 
4 Internal (irreversible) fouling induced by the deposition within, or blockage of, 534 
membrane pores by organic matter was considerably greater for the CUF membrane; 535 
however, the presence of such deposits within the pores of the CUF-UV membrane 536 
were sufficiently minor that they had no measurable impact on the initial TMP. 537 
 538 
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